1.. Introduction {#s0001}
================

Carbohydrate is the most abundant biological molecule in nature, and it is also a basic element of a series of life processes in living organisms (Fasman, [@CIT0013]). In addition to being able to make up the structure of living organisms and provide energy for them, carbohydrates can also widely mediated the recognition process in living systems through their interactions with proteins, nucleic acids, lipids, and other molecules, such as cell communication and migration (Grillon et al., [@CIT0018]), tumor production and development (Hakomori, [@CIT0019]), immune response (Nieman, [@CIT0031]), fertilization (Töpfer-Petersen, [@CIT0038]), apoptosis and infection (Mirkin, [@CIT0029]). However, there are many difficulties in the study of these processes, mainly in the following two aspects. One is that the carbohydrate chains involved in these processes are complex in structure and have a low content in cells. The second is that the biological effects associated with carbohydrate are often very low and difficult to monitor. However, with the great development of carbohydrate synthesis technology, carbohydrate chain analysis methods and nanotechnology, research on the biological effects associated with carbohydrate has become a hot topic in recent years.

Nanomaterials as the carriers of carbohydrates have been gradually developed since the first synthesis of carbohydrate-functionalized gold nanoparticles in 2001 (de la Fuente et al., [@CIT0010]), and related reports have gradually increased. They have shown great potential for applications in biomedical imaging, diagnosis, and treatment (García et al., [@CIT0017]). Compared with the use of other molecules as carriers, nanoparticles can regulate the density of ligands on the surface by adjusting their size and shape. In addition, nanoparticles have unique optical, electrical, magnetic, mechanical, and chemical activities. These properties make glyconanoparticles not only useful for studying sugar-related biological effects but also for cell imaging and tumor cell-targeted drug delivery (Jafari et al., [@CIT0021]). Herein, the nanoparticles of important monosaccharides and oligosaccharides during life were summarized, and then the applications of glyconanoparticles were discussed and analyzed.

2.. Applications of glyconanoparticles {#s0002}
======================================

As mentioned in the introduction, carbohydrates are generally weak in their action, but it can be compensated by multiple ligands. The discovery of the multivalent effect of carbohydrate--lectin interaction greatly promoted the development of glyconanomaterials. One method is to assemble many carbohydrate molecules onto the surface of nanoparticles. First of all, this way of presenting multiple ligands to interact with proteins greatly enhances the interaction between them. Second, glyconanoparticles are in the same size range as many biomolecules. They can imitate the sugar coating on the cell surface and serve as a good model for biological cells. Finally, due to quantum size effect, glyconanoparticles have unusual physical properties that can be used to specifically probe these interactions. These three properties of glyconanoparticle make it a great advantage in the study of sugar-sugar interactions and sugar-protein interactions. The glyconanoparticles have been widely used in biomarkers and biomedicines (Marradi et al., [@CIT0028]).

2.1.. Glyco-quantum dots {#s0003}
------------------------

Since glyconanoparticles can constitute a good model for simulations to intervene in carbohydrate-based life processes, they have been tried in biopharmaceuticals. A novel type of quantum dots (QDs) that wrapped carbohydrate molecules was reported, they could specifically bind to cell surface receptors in certain tissues and organs. Certain liver cells had asialoglycoprotein receptor on their surfaces. It could specifically bind to QDs with galactose residues (Yang et al., [@CIT0044]). Further studies showed that HepG2 cells were preferentially filled with galactose-QDs via receptor-mediated endocytosis. In mouse experiments, QDs of [d]{.smallcaps}-mannose and [d]{.smallcaps}-galactose were found to selectively accumulate in mouse hepatocytes. The carbohydrate-encapsulated QDs were concentrated in the liver of mice. The degree was three times that of ordinary QDs, namely the former was more selective. The results showed that the carbohydrate-coated QDs had good potential for *in vivo* targeting.

Yang et al. ([@CIT0043]) have prepared *N*-acetyl lactosamine, bivalent *N*-acetyl lactosamine, and *N*-acetyl lactosamine coated QDs as a fluorescent probe to study the interactions of *N*-acetyl lactosamine and galectin-3 ([Figure 1](#F0001){ref-type="fig"}).
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Moreover, Yang et al. ([@CIT0044]) prepared a series of lactose-CdSeS/ZnS QD conjugates with different lactose densities and a PEGylated (*n* = 3) lactose-QDs conjugate with more flexible sugar ligands.

A versatile method has been developed for highly sensitive and selective *in situ* evaluation of cell surface sialic acid (SA) groups by combining the multiplex sandwich binding of the 3-aminophenylboronic acid functionalized QD (APBA-QD) probes to SA groups on living cells, glyconanoparticles, and the sensitive fluorescence detection of metal-responsive dye (Liu et al., [@CIT0027]).

Kikkeri and Bavireddi ([@CIT0025]) have shown a host--guest approach to prepare water-soluble glyco-QDs by using *O*-α-manno- and *O*-β-galactopyranoside capped β-CD as surface-coating agents.

Jiang et al. ([@CIT0022]) have successfully synthesized biotin and carbohydrate functionalized reagents for the surface functionalization of QDs.

A versatile method has been developed for highly sensitive and selective *in situ* evaluation of cell surface SA groups by combining the multiplex sandwich binding of the APBA-QD probes to SA groups on living cells, glyconanoparticles, and the sensitive fluorescence detection of metal-responsive dye (Han et al., [@CIT0020]).

2.2.. Gold/silver glyconanoparticles {#s0004}
------------------------------------

Nanotechnology offers new tools to improve HIV drug treatment and prevention. The gold nanoparticles are an interesting chemical tool to design and prepare smart and efficient drug-delivery systems. The pH-mediated release of drugs from the glyconanoparticles has been determined. It proved that the gold glyconanoparticles were a new multifunctional drug-delivery system in the therapy against HIV (Chiodo et al., [@CIT0006]).

Dendritic cell-based (DC-based) vaccines are promising immunotherapies for cancer. However, the lack of efficient targeted delivery and the sources and types of DCs has limited the efficacy of DCs and their clinical potential. Calderon-Gonzalez et al. ([@CIT0004]) proposed an alternative nanotechnology-based vaccine platform with antibacterial prophylactic abilities, which used gold glyconanoparticles coupled to listeriolysin O 91--99 peptide (GNP-LLO~91--99~). GNP-LLO~91--99~ exhibited dual antitumour activities. It was proposed this adjuvant nanotherapy for preventing the progression of the first stages of melanoma.

Gold glyconanoparticles (GNPs) are full of promise in areas like biomedicine, biotechnology and materials science because of their amazing physical, chemical and biological properties. *In vivo* pulmonary delivered siRNA GNPs were capable of targeting c-Myc gene expression via *in vivo* RNAi in tumor tissue, which led to an ∼80% reduction in tumor size without associated inflammation (Conde et al., [@CIT0008]).

The human galectin-3 (Gal-3) is well-known to be overexpressed in several human tumors and can act as a biorecognizable target. Aykaç et al. ([@CIT0002]) prepared the β-cyclodextrin-bearing gold glyconanoparticles for estimating their loading capability toward the anticancer drug methotrexate (MTX). It showed that these glyconanoparticles should be potential site-specific delivery systems for anticancer drugs.

Qian et al. ([@CIT0034]) reported a highly efficient transport nanostructure based on core-shell glyconanoparticles (GNPs), with gold as the core and dextran as the shell interspersed with metformin molecules. The dextran shell facilitated the entry of GNPs into living cells, which allowed the subsequent release of metformin. Compared with bare metformin or bare GNPs, magnetic glyconanoparticles (MGNPs) showed a stronger capacity for cell growth inhibition with good biocompatibility. This work provided a new therapeutic tool for the treatment of cancer.

Ojeda et al. ([@CIT0032]) reported that 10 different multifunctional gold glyconanoparticles incorporating sialylTn and Lewis^y^ antigens, T-cell helper peptides, and glucose in well-defined average proportions and with different density were synthesized in a one-step procedure ([Figure 2](#F0002){ref-type="fig"}).
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The researchers (Chiodo & Marradi, [@CIT0007]) have found that gold nanoparticles have great potential as carriers for the development of a great diversity of fully synthetic carbohydrate-based vaccines.

In order to provide a means of detecting the bacterially secreted toxin, Schofield et al. ([@CIT0035]) developed a simple and rapid colorimetric bioassay for the cholera toxin.

Kulkarni et al. ([@CIT0026]) developed gold glyconanoparticles that present a multivalent display similar to the cell surface glycolipids to compete for the selective inhibition of Shiga toxins (Stx) 1 and 2 ([Figure 3](#F0003){ref-type="fig"}).

![The structure of gold glyconanoparticle.](IDRD_A_1519001_F0003_C){#F0003}

Wang et al. ([@CIT0039]) reported a new type of glyconanoparticle microarray to study glycan-lectin interactions.

Arnáiz et al. ([@CIT0001]) prepared the fluorescent-labeled glyconanoparticles (FITC-*manno*GNPs) and studied their uptake by DC-SIGN expressing Burkitt lymphoma cells (Raji DC-SIGN cell line) and monocyte-derived immature dendritic cells.

Nagahori et al. ([@CIT0030]) communicated such an approach to a novel "omics", namely, glycosphingolipidomics based on the "glycoblotting" method.

The Thomsen--Friedenreich antigen-containing glycopeptide thiols based on a mucin peptide repeating unit were prepared. These novel multivalent tools should prove extremely useful in exploring the binding properties and immune response to this important carbohydrate antigen (Sundgren & Barchi, [@CIT0036]).

Wang et al. ([@CIT0040]) reported a new method to measure the binding affinity of glyconanoparticle--protein interactions based on a fluorescent competition binding assay ([Figure 4](#F0004){ref-type="fig"}).
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Carvalho et al. ([@CIT0005]) studied the gold nanoparticles coated with a pyruvated trisaccharide epitope of the extracellular proteoglycan of *Microciona prolifera* as potential tools to explore carbohydrate-mediated cell recognition.

2.3.. Magnetic glyconanoparticles {#s0005}
---------------------------------

Activation of the endothelium is a pivotal first step for leukocyte migration into the diseased brain. So, imaging this activation process is highly desirable. It indicated that the targeted carbohydrate-functionalized magnetic nanoparticles accumulated in the brain vasculature following acute administration into a clinically relevant animal model of stroke (Farr et al., [@CIT0012]).

Dual-modal fluorescent magnetic glyconanoparticles are powerful in probing lectins displayed on pathogenic and mammalian cell surfaces. It indicated that glyconanoparticles were useful tools to enrich lectin expressing cells because of their magnetic properties. The dual-modal glyconanoparticles were biocompatible and that they could be employed in lectin-associated biological studies and biomedical applications (Park et al., [@CIT0033]).

Magnetic glyconanoparticles were synthesized by the co-precipitation method, and they were formed in a simple and direct process (Kekkonen et al., [@CIT0024]).

El-Boubbou et al. ([@CIT0011]) demonstrated the potential of sugar-coated magnetic nanoparticles for fast bacterial detection and removal ([Figure 5](#F0005){ref-type="fig"}).
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de la Fuente et al. ([@CIT0009]) reported a simple method for the preparation of gold--iron nanoparticles, which were protected and functionalized with biologically different carbohydrates (maltose, lactose, and glucose).

Sundhoro et al. ([@CIT0037]) reported a versatile approach for the immobilization of unmodified monosaccharides onto iron oxide nanoparticles, which were functionalized with phosphate-containing perfluorophenylazides coupling agents.

Gallo et al. ([@CIT0015]) offered an *in vitro* simple method to evaluate the efficiency of the magnetic probes to label specifically cell populations in the whole blood by magnetic resonance imaging and fluorescence techniques. In addition, García et al. ([@CIT0016]) also established a versatile platform of magnetic glyconanoparticles for selective immunolabeling and imaging of cells. Kasteren et al. ([@CIT0023]) designed and constructed a carbohydrate-functionalized nanoparticles that allowed pre-symptomatic *in vivo* imaging of brain disease.

Zhou et al. ([@CIT0046]) developed a stimuli-responsive drug delivery system based on fluorescent, lectin-gated, and mesoporous glyconanoparticles. The gating process was efficient, which exhibited good sealing properties in the absence of the glutathione redox trigger and avoided premature release in normal cells. The lectin gate was rapidly opened and the anticancer drug released in the presence of higher levels of glutathione in cancer cells.

Glyconanoparticles that exhibit multivalent binding to lectins are desirable for molecular recognition and therapeutic applications. Besford et al. ([@CIT0003]) explored the use of glycogen nanoparticles as a biosourced glycoscaffold for engineering multivalent glyconanoparticles. The galacto-glycogen nanoparticles induced the aggregation between prostate cancer cells. It highlighted a strategy for engineering a biosourced polysaccharide with surface moieties that exhibited strong multivalent interactions with lectins, and targeted interaction with prostate cancer cells.

Wu et al. ([@CIT0042]) explored the architectural effect of the glyconanoparticle corona on glyconanoparticle macrophage endocytosis and lectin-binding ability. Nanoparticles with a mixed shell showed a higher efficiency in cellular uptake and lectin-binding than those with a single sugar component. Moreover, homogeneously mixed coronas (MG) presented a significantly higher efficiency than blend-mixed coronas (M/G).

Gallegos-Tabanico et al. ([@CIT0014]) modified bovine serum albumin (BSA) with lactose, obtaining a neoglycan (BSA-Lac). Then they synthesized glyconanoparticles (NP-BSA-Lac). The results indicated that the lactosylated nanovectors could be targeted at the *E. coli* K88 adhesin and potentially could be used as a transporter for an antibacterial drug.

Won et al. ([@CIT0041]) introduced multivalent glyconanostructures, which enabled the lactose moieties to be presented only when an external stimulus was present, mimicking how nature used enzymes to dynamically regulate glycan expression.

3.. Conclusion and future prospects {#s0006}
===================================

The targeted drug delivery has been investigated as one of the main methods in medicine to ensure successful treatments of diseases. Pharmaceutical sciences are using micro or nano carriers to obtain a controlled delivery of drugs, able to selectively interact with pathogens, cells or tissues.

Herein, the construction, preparation, and applications of several common water-soluble and stable glyconanoparticles were summarized and discussed. It can be clearly seen that these new multivalent systems have opened up new avenues for the study of carbohydrate-involved biological interactions. These glyconanoparticles are easy to prepare and have unique physical, chemical, and biological properties, which make them have a wide range of applications in drug delivery, biomedical imaging, diagnosis, and treatment. It is believed that with the in-depth study of carbohydrate nanobiology, as well as the crossing of chemistry, physics, and pharmacy, the research of carbohydrate QDs, gold/silver glyconanoparticles, and magnetic glyconanoparticles will make great progress, and find a wider application field.

Major effort should be focused toward the design and synthesis of more complex and biologically relevant carbohydrate mimics in order to have a better understanding of the carbohydrate--carbohydrate and carbohydrate--protein interactions. The full therapeutic potential of these carbohydrate-based nanoparticles systems can be achieved when the functions of carbohydrates in biological systems are clarified.
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